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INTRODUCTION 

No exact data exist on heat losses from aircraft and aircraft 
personnel during flight. It is imperative, however, for the de- 
signer to have knowledge of the magnitude of these losses and the 
physical factors which control thorn, in order properly to design 
cat> In heaters, seating arrangements, Insulation, and so forth. 

The following report was written In an attempt to clarify the 
"basic factors of heat transfer applied specifically to aircraft 
heating and to guide the experimenter in planning experiments to 
obtain further data. In the absence of exaot test results, the 
authors have studied the literature and tentatively present equa- 
tions and charts for the various thermal resistances encountered 
In aircraft work. These recommendations will be changed as more 
Is known about the various components of the system under consid- 
eration. 

In many cases, from neoesslty, the actual conditions are 
excessively idealized: namely, a man is considered as a vertical 
cylinder In order to establish the oonvective loss from his body. 
The order of magnitude of the quantity Involved, however, may be 
determined readily, and what is more Important, the effect of the 
variables Involved beoomes apparent. Thus, numerical calculations 
based on the data presented will be a first approximation only, 
but they will show the designer the relative effect of any ohanges 
which he may propose and will aid the experimenter to determine 
what further data are necessary. 

This investigation, conducted at the University of California, 
was sponsored by and conducted with financial assistance from the 
National Advisory Committee for Aeronautics. 



SYMBOLS 

the coefficient of absorption (radiant energy), ft -1 

area of heat transfer perpendicular to direction cf 
heat flow, ft B 

area of smaller radiating surface, ft 0 

area of larger radiating surface, ft 0 

experimental constant (dimensionless) 

unit heat capacity of fluid at constant pressure, 
Btu/lb °F 

thickness of the absorbing material, ft 
diameter, ft 

emissivity of the hot surface 
emissivity of the cold surface 
voltage, vclts 

unit thermal conductance for convection, Btu/hr ft° °F 

unit thermal conductance at any point z from leading 
edge of flat plato, Btu/hr ft 6 °F 

equivalent unit conductance for radiation, Btu/hr ft s °F 

function 

shape modulus, a factor in the radiation equation 
which allows for the relative geometrical position 
of the radiating surfaces 

emissivity modulus, a factor In the radiation equation 
which allows for the non-Planckian character of the 
.radiating surfaoes 

gravitational force per unit mass, lb/(lb sec c /ft) 

solar irradiation at any altitude, Btu/hr ft c 
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H height of plate, ft 

1 electrical current, .amperes 

k thermal conduct iyity {of solid for conductance equations 

and of fluid for convection equations, Btu/hr ft a (9B'/ft) 

I length of plate in direction of air flow, ft 

n exponent (Bees. TL and XVI) ; number of radiation shields 
(sec. Tin) 

P atmospherio pressure at any altitude, lh/in a 
P Q atmospherio pressure at ground level, lb/in c 
q rate of heat transfer, Btu/hr 

9a rate of absorption of solar energy by an opaque body, 
Btu/hr 

9ab rate of absorption of solar energy by a translucent body, 
Btu/hr 

9t rate of energy transmission through a translucent body, 
Btu/hr 

R electrical resistance, ohms 

B 1 thermal resistance of skin, °F/Btu/hr 

H B convective thermal resistance of air gap, °F/Btu/hr 

R 3 evaporative thermal resistance of air gap, °F/Btu/hr 

R 4 radiant thermal resistance of air gap, °F/Btu/hr 

R B thermal resistance of clothing, °F/Btu/hr 

R 8 convective thermal resistance between outer surface of 
. clothing and cabin air, °F/Btu/hr 

R 7 thermal resistance through which the sun's Irradiation 
flows to cabin interior, °F/Btu/hr 



4 



E 8 radiant thermal resistance between outer surfaoe of 
clothing and cabin walls, °F/Btu/hr 

R 9 thermal resistance through which respiratory heat loss 
flows, °F/Btu/hr 

B _ thermal resistance through which leakage heat loss flows, 
°F/Btu/hr 

B,- convective thermal resistance between cabin air and cabin 
walls, °F/Btu/hr 

B 1£3 thermal resistance of cabin wall, °F/Btu/hr 

B 13 radiant thermal resistance between outside of plane and 
surrounding environment, °F/Btu/hr 

Bja rp same definition as B x 3 except for bottom and top 
of plane, respectively 

K thermal resistance through which heat is transferred by 
irradiation, °F/Btu/hr 

B 15 thermal resistance through whioh heat is transferred by 
friction, °F/Btu/hr 

B ie convective thermal resistance between outside of cabin 
wall and outside air, °F/Btu/hr 

t x skin temperature, °F 

t fl temperature of inner surface of clothing, °F 

t 4 temperature of outer surface of clothing, skin In contact 
with cabin air, °F 

t earth effective earth temperature, °F 

t aky effective sky temperature, °F 

t w temperature of inner surface of cabin wall, °F 

temperature of outer surface of cabin wall, °F 

T skin temperature, °R 



T B temperature of Inner surface of clothing, °R 
T 4 same as t 4 except In .absolute unitB, °R 
T A hot body temperature, °B 
cold body temperature, °B 
T r tranamlttance of plexiglas 

T w temperature of Inner surface of cabin vail, °R 
T va temperature of outer surface of cabin wall, °R 
T B temperature of radiation shield, °H 

velocity oi* fluid, ft/aec 
W rate of fluid flow, lb/hr 

z thlcknesB of solid in direction of heat flow; distance 
along flat plate (sec. XVT) ft 

a absorptanoe of surface 

P coefficient of expansion of fluid, °ET l 

7 weight density of fluid, lb/ ft 3 

7 0 weight density of fluid at 70 c F and 1 atmosphere, lb/ft 3 

6 thickness of air gap, ft 

£ base of Naperlan logarithms 

At temperature difference causing heat flow, °F 

qp angle between normal to surface and line connecting surface 
and sun 

p. absolute viscosity of fluid, lb sec/ft 0 

V kinematic viscosity of fluid, ft 8 /sec 

a Stefan- Bolt zman radiation constant » 0.173 X 10" 8 , 
Btu/ft a hr °fi* 
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T 3 


temperature 


of air between skin and clothes, 


T a 


temperature 


of cabin air, °F 


T e 


temperature 


of air when exhaled, °F 


T i 


temperature 


of air when Inhaled, °F 


T o 


temperature 


of air outside cabin, °F 


Gr = 


g P At E 3 


Grashof modulus 



f c H 

Hti = , Hub Belt modulus 



3600 u C_ g 
Pr = «■ — , Prandtl modulus 

U m I 7 

He = Reynolds modulus for flat plate 



THERMAL CIRCUITS 

(Temperature not a Function of Time) 

The analysis of the flow of boat from a body to the surround- 
ing environmont Is simplii'iod by utilizing the circuit concept. 
The thermal circuit may be solved 1n the same manner as the cor- 
responding electrical circuit. In the steady state the elements 
of the thermal circuits are resistances and lumped unidirectional 
heat sources. 

Certain thermal quantities and corresponding electrical 
quantities for one analogous circuit are illustrated in table I. 
The table entries are limited to unidirectional steady state 
variables and elements. Distributed parameters and thermal 
capacities have not been included. 
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TABLE I 



Median 1am 


Relation 


Equiva- 
lent 
current 


Equiva- 
lent 
voltage 


Equivalent 
resistance 


Eleotrioal 
conduction 


i .5 

R 


1 amps 


E volts 


R ohms 






(Btu/hr) 


(°F) 


(Btu/hr) 


Thermal 
conduction 


q n kA ~ 

X 

or 

At 

q » V 




At 


i 

toft 


Thermal 
convection 


q = fgA At 


q. 


At 


■ 1 


Thermal* 
radiation 


4 = ^ At 


q 


At 


1 


Flow of 
gases 


q-VCpC^ - T a ) 


1 


**Thermal resistance 
proportional to l/WCp 



*The term f r 1b an equivalent conductance for radiation. (See 
sees. IV", VTII, and XIII for a more detailed description.) 

**See sec I for discussion. 



W weight rate of flow, Ib/hr 

Cp heat capacity at constant pressure, Btu/lb °F 



e 



x thickness in the direction of flow, ft 

k thermal conduct ivity, Btu/hr ft 3 (°F/ft) 

A area of heat transfer perpendicular to the direction of 
flow, ft 8 

f 0 unit conductance for oonveotion, Btu/hr ft a °F 
f r equivalent unit conductance for radiation, Btu/hr ft c °F 
At temperature difference effective aoross resistance, °F 
T i " T a change in mixed mean temperature of flowing gas, °F 

Inspection of tablo I reveals that, for the circuits under 
consideration (in which the heat flow does not depend on time), 
the rate of heat transfer is equivalent to the current and the 
temperature drop equivalent to the voltage drop in the particular 
electrical circuit. The evaluation of the equivalent thermal 
resistances Is usually the most difficult port of the analysis. 
Methods of computing these resistances ore presented In the tody 
of this report. Those are recommended only until better data 
are available. 



EXAMPLES OF THERMAL CIRCUITS 

As examples of tho above technique applied diroctly to the 
problem of aircraft heating, four thermal, circuits are arranged 
in figures 1, 2, 3, and 4. All circuits represent the case of 
heat transfer independent of time and correspond to: 

Figure 1.- The flow of heat from a clothed man In the cabin 
of an airplane. 

Figure 2.- The flow of heat from an unclothed portion of a 
man Inside the oabln of an airplane. 

Figure 3.- The flow of heat from an Inanimate ob.lect inside 
tho cabin of an airplane. 

Figure 4.- The flow of heat from the plane as a unit to the 
external environment (heat balance on plane). 
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Referring to figure 1, a large fraction of the heat lost by 
the human body either passes through the skin or is given to the 
air which Is "breathed . The latter quantity need not be considered 
when the flow through the skin and clothes is calculated. 

The rate of heat transfer through the skin is determined "by 
the magnitudes of' all the other resistances In the circuit and must 
he such that the akin temperature does not fall below a certain 
minimum Value. After passing through the skin the heat passes to 
the inner surface of the clothing in three parallel paths, that is, 
by odnduotlon and/or convection, by radiation, and by evaporation. 

Practically all of this heat then passes through the clothing. 
Iii loose -fitting clothing there Is usually a certain amount of air 
circulation. Some or the heat may be carried directly into the 
cabin air by these air currents. This leakage is as yet an In- 
determinate amount and is represented by resistances 2a and 3a. 

At the outer surface ' of the clothing there are three pathB ' 
for the flow of the heat. The body may gain by oonvection from 
the relatively warm cabin air, lose heat by radiation to the cabin 
walls, and perhaps gain heat as a result of irradiation by the sun 
transmitted through the cabin windows. In the following sections 
of this paper eaoh resistance is discussed in some detail. By 
knowing the manner of variation of the resistances an estimate 
can be made of the effect of changes in the system on -the rate 
of heat transfer from tho body. Two qualitative examples will 
be given: (Hofer to fig. 1. ) 

1. Contrast the heat flow -from the portion of a man in 

contact with a cold metal soat to that from a stand- 
ing man. The resistance 2 is reduced considerably; 
5 also is diminished. Resistance 6 Is materially 
reduced and in addition the temperature in the lower 
end of this resistance is decreased from the air tem- 
perature to that of the cold metal seat. The radia- 
tion resistance 8 is somewhat Increased, and the 
irradiation resistance 7 becomes infinite. 

2. Next consider the heat loss from the bare skin of a 

man. In this case resistances 2, 4, and 5 be- 
come zero and a diagram such as is shown in figure 
2 results. 

Figure 3 shows the diagram for an Inanimate object In the 
cabin. Such on object normally will not be a source of heat; so 
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the sum of the gain of beat by convection and Irradiation must 
Just equal the less of heat by radiation to the oolder cabin walls, 
A convenient method for calculating the equilibrium temperature for 
suoh a body la discussed and presented In section XV 11. 

Figure 4 illustrates the manner in which heat is lost from the 
aircraft to the outside air. Heat is gained by the plane through 
the heater (an exhaust gas type is shown in the figure) and from 
the heat losses of the men in the plane. The heat may be lost by 
air leakage and by passing through the cabin wall, first passing 
through a convective resistance on tfce inside surface of the wall. 
The heat then flows through the cabin wall and finally by convec- 
tion and radiation to the outside. Heat may be gained on the out- 
side surface by Irradiation from the sun and by frlotional heating 
(the latter at high velocities only). A numerical evaluation of 
suoh a heat balance is given in seotion XVTI. 



I. RESISTANCE 1 



THE RESISTANCE OF THE HUMAN BODY 

Hardy (reference 1), in his papers on the heat losses from 
human bodies, presents the data for an unclothed man; these are 
given in figure 5. Dr. Hardy's experiments were performed on 
naked subjects placed in a calorimeter. For this reason, seme 
of his results do not properly apply to clothed men. However, 
they serve to Indicate the trends in the influenos of tempera- 
ture on the bedv mechanism. Hardy (reference 2) makes the follow- 
ing statements: 

"Measurements of thermal gradients In man indicate a depth 
of 2 to 3 cm is involved in the thermal gradient from the Internal 
tissue to the skin but face. Assuming an average depth of 2 cm for 
the whole body, the thermal conductivity 

k » 0.00048 gram cal/cm 2 seo (°C/cm) 

k = 0.116 Btu/hr ft B (°F/ft) 

"Lefevre (reference 3) in 1911 arrived at a value of 0.00066 
°C 

gram eel/ enr see — , Comparing this value with other substanoes 
cm 

shows that from substances which have considerable air spaoe, such 
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as wool, hair, felt, eto. , few materials have higher Insulating 
ability than living tissue. Leather, for eTample, has a value of 
0.0004, paper 0.0003, cork 0.0007. It would thus appear that 
living tissue oould hardly increase its thermal insulating ability 
if it had no oiroulatlon of blood and that the heat transferred 
through the tissue in this environmental range is due to pure con- 
duction. This would account for the constant value of the tissue 
conductance from 82.4° 7 (28° C)* down. The body in this region 
may be compared to a cylinder of the same surface area as a man, 
wrapped with a layer of paper 1 am thick, the internal tempera- 
ture of which Is maintained at 98.6° F (37° C)". 

The thermal conductance referred to was obtained by dividing 
the thermal losses through the skin by the averago temperature 
difference between the skin and the Internal tissue. As shown 
In figure 6, this ratio remains constant below a calorimeter tem- 
perature of 82.4° F. 

The increase in the thermal conductance above 82.4° F (28° C) 
is due to the Increased circulation of blood. This effect may be 
Induced also by muscular activity or chills. In attempting to 
apply these valueB to calculations it must be borne in mind that 
a or iter Ion of oamfort is the skin temperature. If the subject 
indulges In great muscular activity, he can stand a much greater 
heat loss without discomfort than if he remains quiet. The gov- 
erning factor is not the heat load on the man, but the skin tem- 
perature. 

The temperature may vary greatly from one portion of the 
body to another. In one experiment it was found that the tem- 
perature of the skin on the forehead was 89.6° F (32° C) while 
the temperature at the feet was 80.1° F (26.7° C) (reference "4). 
The values shown in the figures are average temperatures. 

If the skin temperature drops below 86° F (30° C), shivering 
will generally occur. In considering the design of boating equip- 
ment, it will be advisable probably to specify that the average 
skin temperature of a man drossod in specified clothing shall not 
be below a certain temperature, probably 88° F. 

The heat loss through the man's skin by conduction is, 
therefore, 

g. = k | (98.6 - t x ) 
•Calorimeter temperature. 
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where 

A eurfaoe area of the man (about 20 ft c ) 

x depth of conduct ing layer (about 2 cm = 0.0662 ft) 

q heat loss, Btu/hr 

t± skin temperature, °F 

On* 

k thermal conductivity of living tissue, 0.116 Btu/hr ft c 
Resistance 1 Is, therefore, 

Whenever perspiration is Induced at a rate which exceeds the 
rate of evaporation and/or absorption by clothing, and additional 
resistance due to the liquid layer on the skin must be added to 
resistance 1. This resistance Is equal to the thickness of the 
liquid layer divided by the thermal conductivity and surface area. 



II. RESISTANCE 2 



TEE RESISTANCE BETWEEN THE SEEN AND THE CLOTHING 

The quantity of heat which flows from the skin to the cloth- 
ing by means of conduction and convection depends mainly on the 
thickness of the air space between the clothes and the skin. 
Fishenden and Saunders (reference 5, p. 115) and Ten Bosch (refer- 
ence 6) discuss the mechanism of heat transfer by conduction and 
convection across air spaces. The conclusion is reached that for 
air gaps less than 0.10 Inch thick, convection currents are neg- 
ligible and the transfer of heat is by pure conduction across the 
stagnant air layer. When the air gap is thicker than 0.10 inch, 
free convection currents become more effective, until for gaps 
of about 2 inches the transfer is largely by free convection.* 

Ten Bosch (reference 6) illustrates the convective currents 
which will exist In an air gap, as shown in figure 7. The fluid 
velocity is zero at the hot surface, increases rapidly a short 



♦Radiation across the air gap is discussed under resistance 4. 
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distance from the vail, and falls to zero at the center of the air 
gap. The fluid falls next to the cold surface. These oonveotlTe 
currents transfer the heat from one vertioal surface to the other. 



Quantitative Data 

1. Gaps less than 0,10 Inch . - The thermal resistance for 
small air gaps Is given by the conduction equation: 

6 °F 

B ° " 5' (Btu/hr) . (2&) 

vhere 

6 air gap thickness', ft 

nL.. 

k thermal conductivity of air, 7~ow^ 

A area through which heat transfer is taking place, ft 3 

2. GapB greater than 3 indies . - Gaps greater than 2 inches 
generally vill'not exist bebvoen the skin and clothing of a man, 
but it 1b of interest to know the mechanism of heat transfer across 
such air gaps. The air gap will be considered vertical, for pur- 
poses of analysis. The relations which are discussed under Resis- 
tance 11 will apply directly, that is, the mode of heat transfer 

Is by free conveotion. Thus from the hot Burface to the ambient 
air, If the flow Is laminar:* 

f c = 0.30 ( tl - T 3 ) l/4 d-Y ^ (2b> 

VV hr ft °F 

and from the ambient air to the cold surface 

f c = 0.30(T 3 -t 0 )^(£) l/a (20) 

As a first approximation, the temperature of the ambient air 
is equal to 

*More precisely, as is discussed under Resistance 11, 
f 0 -0.30 (t x . T^'^XV'* 



14 



*1 + *B 



3 " 2 

Thus, tooth (2b) and (2o) may be written as 

= 0.2£5 (t x . t c )i /4 ^ l/a (2d) 

The total resistance across the air gap is twice the resistance 
from one surface to the ambient air. Thus 

R a - A < 2e > 

0.1Z5(t 1 - t D y* (J- J A 

where 

t a temperature of hot surface, °F 

t a temperature of cold surface, °F 

P cabin pressure at any altitude, lb/sq. in, 

P Q cabin pressure at sea level, lb/sq. in. 

A area for heat transfer, ft 2 

5. Intermediate gap thickness . - The values of ^ for 

intermediate gap thickness are shown In figure 8 for atmospheric 
pressure conditions and a (t ± - t a ) of 30° F. These values were 
obtained from Flshenden and Sa'mders (reference 5). For other 
atmospheric pressures and other temperature differences (t x - tg) 
the magnitudes of l/RgA for gaps less than 0.1 inch will not 
change appreciably; whereas for gaps greater than 2 inches l/RjjA. 

may be computed from equation (2e). Interpolation between these 
magnitudes, using the curves shown in figure ii as a guide will 
allow prediction of the thermal resistance of gaps of intermediate 
widths. 



IS 



IU. EESnHEAHCE 3 



EVAPORATION 0? MOISTURE FROM TEE SKIN" 

The rate of evaporation of moisture from the skin vill depend, 
on the humidity aad -the temperature of the air in 'contact with the 
skin and the skin temperature. It also will depend on the rate of 
perspiration of the subject, or, more exactly, the concentration 
of vater vapor on the skin. Moisture removed from the skin is not 
necessarily evaporated. Moisture absorbed into the clothing, for 
example, has no cooling effect other than its lowering of the re- 
sistance of the clothing to heat transfer. (See resistance 5.) 

At high altitudes the air in the cabin will be generally of 
lov humidity. This will result in the drying out of the skin 
wherever it is exposed to the air, and experience similar to that 
experienced by mountain climbers. Under the clothing, however, 
tho layer of air will quickly beoome rather humid as there is 
very little circulation of air inside tho clothing. DuBois 
(reference 4) has shown that at low temperatures in air of aver- 
age humidity the amount of heat lost by the body through evapora- 
tion from nude subjects is not very great. This is due largely 
to the deoreaae of the vapor pressure of water with temperature 
and to the lowered activity of the perspiratory organs. The lat- 
ter effect will depend somewhat on the mental state of the sub- 
ject. The data for nude subjects in a calorimeter at various 
temperatures is shown in figure 9. These data cannot bo applied 
directly to tbe problem of clothed persons but should be used 
only to indicate a trend. The fraction of the total heat loss 
due to evaporation in the region below 73.8° F (calorimeter tem- 
perature) is about 1/10. This, however, is for nude persons. For 
olothed persons it should be somewhat less, because the clothing 
will tond to absorb any perspiration and may even beoome negli- 
gible. 

This portion of the thermal oircuit will require further re- 
search. For the present, it may be assumed that the heat lost 
through this means 1b negligible and the resistance 3 is Infinite. 



16 



IV. RESISTANCE 4 



RADIATION FROM SEEN TO CLOTHING 

Thermal energy is radiated frcan the skin to the Inner surface 
of the clothes. The disoussion presented under Resistance 8 ap- 
plied directly to this case. The energy is transferred approxi- 
mately in accordance with the fourth power law. However, the 
water vapor in the air in the space between the skin and clothes 
will take part In the radiation process in same wavelengths. 
Until this fraction has "been more definitely established, the 
fourth power law will he utilized without correction (reference 
7). Thus the rate of energy transfer is given by 

5 ■ °- 173 A [(l53) 4 -(i53)*J *a »■ («•) 

Since (reference 8, p. 54) the clothes completely enclose 
the body, F A e 1. Further, the areas of the body and the clothes 

are -practically equal, so that 

f e ■■ r — r — 

6 i + e c " 

The emissivity of the Bkin (reference 9) is very clos9 to 
1.00 and the emissivity of clothing at long wavelengths (corres- 
ponding to a low temperature radiation) is approximately (refer- 
ence 10) 0.95, regardloss of color. 

Thus F E = 0.95 

Expanding the equation for q. as shewn for resistance 6 
yields 

f r = 0.173 X lCT a (T^ + T e E )(T 1 + T 2 ) F^ F^ (4c) 
Thus 

p 1 5. 78 x 10 s °F 

R 4 = = , 

f r A (Tj 3 + T 0 S )(T X + T B )F A F E Btu/hr 
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The quantity 




is shown plotted in figure 16 against T x 



and T a . If F. F E =■ 0.95, fp and H 4 may he readily calculated. 



Scant results of work on the effectiveness of clothing can he 
found in the literature. 

The resistance Of the clothing is the sum of the resistance of 
each layer of doth and the contact resistances between them. Con- 
tact resistances are treated in section II. In table II is given 
the thermal conductivity and the density of various materials. 



V. RESISTANCE 5 



THE RESISTANCE OF THE CLOTHING 



TABLE II 



Material 



Conductivity* 



Density 




(lb/ft 3 ) 



Carbon dioxide 

Air 

Kapok 

Hair felt 

Wool 

Mineral wool 
Balsa wood 
Cotton wool 
Cork 
Silk 

Earth (loose) 
Felt (wool) 
Sawdust 

Charcoal (loose) 
Cotton 

Wood shavings 
Earth (powder) 
Lampblack 
Gypsum (loose) 
Linen 
Asbestos 



0.0088 
.014 
.020 
.021 
.022 
.022 
.023 
.024 
.025 
.026 
.026 
.030 
.030 
;030 
.032 
.034 
.036 
.036 
.046 
.05 
.089 
.19 



0.12 
.08 
.88 

17 
6.9 
9.4 
2.2 
5.06 
9.0 
6.3 
10.6 
20.6 
12.0 
15.2 

5;o 

8.8 
20.0 
10.0 
50.0 



29 
94.6 



*See references 11 and 12. 
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If, for the materials listed In the table, the conductivity 
Is plotted against the density, a rough correlation may he observed. 
This correlation exists because the Insulating value of cloth (or 
other material containing air gaps) depends to the first approxi- 
mation not on the cloth Itself, but on the air spaces In the cloth. 
The best Insulator would have an infinite number of air spaces, 
Infinitely small. A line has been drawn through the points in 
figure 10 and made to coincide with the value for pure air. The 
lower line represents the probable value of the conductivities 
were the materials saturated with carbon dioxide Instead of air. 

The effects of compressing the clothing (when sitting down or 
bending the elbow, for instance) are threefold. First, the thermal 
conductivity of the cloth is increased since the air gaps are made 
smaller. Secondly, the contact resistances between clothes are 
made much smaller, and lastly, the total thickness of the cloth 
is decreased. The effect of compression on the thermal conductivity 
of rook wool is ahown in figure 10a (reference 13). 

The resistance of the cloth to heat transfer will dopend 
greatly on the vapor content of the clpth. In figure 11 the ef- 
fect of water vapor on the thermal conductivity of rag felt is 
shown (reference 14). 

Flying clothes may be hung in moisture- free container s when 
not in use and then kept dry. Pilots moving from the hangars to 
the ships on foggy or rainy nights will absorb large quantities 
of water which will not only cool the clothing as the clothes dry, 
but will lower the resistance of the cloth as well. 

The same precautions should be taken concerning the under- 
clothes. A waterproof garment worn between the skin and olothing 
or between the underclothes and the next layers of clothing might 
prevent perspiration from seeping through the clothing and lower- 
ing itB resistance. The physiological effects of such a garment 
except for short periods may preclude its use, however. 

The heat flow through the clothing will be given by 

a - (t. - t 4 )/R B 

R = summation of cloth resistance + contact resistances 
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For approximate calculations it win probably suffice to de- 
crease the thermal conductivity of the clothing material by a 
third to account for the contact resistances and use this value 
as the over-all conductivity of the total thlokness of clothing. 
(See sample calculations in sec. XVII.) 



CONVECTIVE RESISTANCE Off OUTER SURFACE OF CLOTHING 

The convection from the outside of the man's body is quite 
complex,' because of its irregular geometrical shape. As a first 
approximation, a standing man may be considered as a vertical ■ 
oylinder about 14 inches in diameter and 6 feet tall. Heat is 
lost from this "oylinder" by free convection, vhich causes verti- 
cal air currents, and by forced convection which on the average 
is caused by air flow perpendicular to the cylinder axis. It is 
difficult to combine the effect of these two modes of transfer, 
but it is suggested as a preliminary step that both unit conduc- 
tances be computed and the larger of the two chosen for calcula- 
tion. 



The data presented by McAdams (reference 8, pp. 219-220) for 
forced flow past right circular cylinders about 3.75 inches diame- 
ter, may be expressed as: 



substituting the values of u, k for air at 50° F yields 



71. RESISTANCE 6 



Forced Convection 




f 0 = 2.90 



Btu 



(6b) 



JO . 44 



hr ft' 



Ujjj air velooity, ft/sec 
7 air density, lb/ft 3 



oylinder diameter, ft 
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For a diameter of 14 Inches (man) 



f c - 2.70(1^ 7) 0 - 66 , ^ (6c) 

hr ftf °F 



Free Convection 

Aa In the case of resistance 11, the free convection from the 
man may be expressed as: 

. . 0.30 . (&y*. <-) 

This equation is a reasonable approximation and expresses the 
probable effect of temperature difference and cabin pressure on 
the rate of heat flow by free convection. 



Recapitulation 
For free convection 

B 6 = L, (6e) 

O.3O(t 4 .Tj l/ -(0''»A 

and for forced convection 

H a (6f) 

2.70(1^ 7)°' BS A 

The smaller of the two resistances (larger f c ) is to be used. 

Since, in general, the cabin air will be warmer than the man's 
clothing, an attempt should be made to reduce R 6 to as small a 

value as possible. This may be done by the use of fans or the 
proper location of air vents. Care should be taken to avoid exces- 
sive drafts at the cabin wall to prevent R 1X from becoming too 
small, thereby lowering the cabin air temperature. 



Equations (6c) and (6d) are presented graphically in figures 
12 and 13. 
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7XE. RESISTANCE 7 



RADIATION FROM THE SDN THROUGH THE WINDOWS 

The tranamlttem.ee of plexiglas has been measured as a func- 
tion of the wavelength of the Incident energy. The transmittanoo 
is defined as the ratio of the transmitted energy to the incident 
energy. 

,j, ^ transmitted radiant energy 
r inoident radiant energy 

In the wavelengths represented in sunlight, it was found 
(reference 15) that the average transmittanoe varied with the 
plexiglas thickness shown in figure 14. 

For the wavelengths emitted "by bodies at moderate tempera- 
tures, such sb the walls of a cahin or panels heated to 400° F, 
the transmittanoe ' of plexiglas is so low as to render it opaque 
to radiant energy. The conclusion to he drawn from this phenomenon 
is that any energy that gets into the plane from sunlight will not 
be reradiated outward by the man. At night, no matter how cold 
the objects which his body can "see" may be, he will not radiate 
to them through the plexiglas windows. 

Solar irradiation as a function of altitude is known and can 
be used to compute the rate of heat flow through tbe resistance 
shown as 7. If G Q is the irradiation at the altitude under con- 
sideration (Btu/hr ft B ) and T r the transmittanoe, A the area, 
the energy reaching the man is 

^t - T r G o A OOB * ( 7a > 

where cp is the angle between the normal to the glass surface and 
the line connecting the surface and the sun. 

No numerical value need be assigned to resistance 7, since 
the rate of head flow may be readily determined from equation (7a). 
Since the heat flow is essentially in one direction, it is not 
necessary to Include it in an analysis of the amount of heat neces- 
sary to keep a man comfortable. If he is comfortable when no re- 
ceiving sunlight, It will not be a difficult matter >to make him 
comfortable when he 1b. 
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For numerical values of the Irradiation at various altitudes, 
see section XIV. 



Till. RESISTANCE 8 

RADIATION FROM THE MAN TO WALLS 

The total radiation from a perfect or Planokian radiator 1b 
given by the Stefan-Boltzmann equation: 

q.OAT 4 (8a) 

where 

q heat loss, Btu/hr 

T absolute temperature, °R 

A area, ft c 

a constant, Btu/hr ft c °R* 0.173 X 10" 8 

The net energy Interchange between two parallel bodies is 
then given by (reference 16) 



~f t aV f V 

q = 0.173 A I ( — — } - I — 

L\100/ \100/ J 



(8b) 



If the bodies are not perfect radiators, a correction factor 
(emissivity modulus) Fg must be inserted. If the bodies are 
so situated with respect to one another that all the radiation 
from one does not strike the other, a correction factor (shape 
modulus) F A must be Included as a multiplier. The equation 
then becomes: 

«-°- l7S *[(is) 4 - ©*]»**« (eo) 

Hottel (reference 7) has tabulated values of F A and Fj; 
for various systems. The multiplier F A F 3 is not always separable 
Into the two components. Moreover, the moisture and C0 a content 
of the air between surfaces A and B will change the net 
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transfer, as water vapor and C0 B enter Into the radiation prooess 
in the longer wavelengths. (See references 7 and 17.) 

For a body completely enclosed in another and with no re- 
entrant angles 




When A x is very much smaller than. Ag, F b will he a func- 
tion of e x only. If A 1 is nearly the same as A 0 , the energy 
Interchange will be a sensitive function cf both e 1 and e Q . 
This is shown in figure 15. 

where 

e : emissivity of inner body 

e fi emissivity of outer body 

A x area of inner body, ft 8 

A a area of outer body, ft 0 

The emissivity of most clothing will be about 0.95 and is 
usually not susceptible to change. The upper horizontal line in 
figure 15 reprosents the case of one man in a large cabin; the 
lower one many men in a small section. For an average case, where 
A iAs - 0.1, changing the emisslviLy of the walls from 0.9 (painted 
aluminum surface) to 0.055 (unpalnted) (referonce 8, p. 45) will 
ohange the heat loss by about 60 percent. For the case of many 
men in a section the lowering will be even greater. 

The "equivalent unit conductance for radiation" (reference 16, 
oh. XVIII) is defined as follows: 

q = f r A(T A - T B ) - 0.173 X 1CT 8 (T A 4 - Tjj 4 )F a F E 

f r = 0.173 X IO-^Ta 0 + Tjj Q )(T a + T B )F A F E (8d) 

For a man radiating to the cabin walls, T A = T 4 and 
T B = T w . In general, T w will be known, but T 4 will not. As 
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a first approximation it will suffice to assume T 4 is the same 
as the equilibrium temperature of an inanimate object in the same 
position. This problem is treated in an example in section XVII. 
The resistance for this method of heat transfer is therefore 

R 1 °* 
8 fpA Btu/hr 



The Use of Radiation Shields 

The radiant energy transfer can be decreased tremendously by 
the use of radiation shields. Even a radiation shield of infinite 
thermal conductivity (approximated by a very thin sheet of metal) 
and an emlssivity of unity ("blackened aluminum) will decrease the 
energy interchange by 50 percent. This fact is demonstrated as 
follows: 

Consider two bodies at temperatures and Tg. Assume 

that they are placed so that their shape modulus is unity and 
further assume that they are tooth black body radiators (fig. a). 
A radiation shield of unit emlssivity and infinite thermal con- 
ductivity Is interposed (fig. b). Neglecting the effects of con- 
vection to the surrounding air, the energy transferred from A 
to the shield will be 



T. > T 



B 



B 



a. 







s 




h. 





T. 



B 



B 



hr ft 



(Be) 



That from the shield to B will be: 



!■ °<v-v> 
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Since there can be no storage of energy, the two rates must he 
equal. 

V " V - V " T B* 
T * + T 4 

T S * - A - 33 (8f ) 

The heat flow from A without the shield Is: 

i - 0(T A * - T B 4 ) (Bg) 
The heat flow with the shield Is: 

The shield, therefore, reduces the heat loss by 50 percent. 

By similar reasoning It can be shown (reference 16, ch. X7IU) 
that the presence of n radiation shields of varying emissivitios, 

e i» e c © i* f e a' t e s* will reduce the radiant heat 

transfer by a factor 

— + ~ - 1 

e A * °B (81) 

11,1111 111 
— + — - 1+ — + — + — + — +....+ — " + — " + — -+.... -n 

«A Q B 6 1 °B S 3 9 4 »l' 9 3 ' 9 3' 

where 

e x emlsslvlty of one side of shield 1 
e 1 ' emlsslvlty of other side of shield 1 
e A emlsslvlty of surface A 
eg emlsslvlty of surface B 
n number of shields 
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33. EESISTAHCE 9 



RESPIRATION 



To complete the heat balance on the man, It is necessary to 
take Into account the fact that he warms the air he "breathes. This 
heat loss, unless the air Is unccmfcrtably oold, will not affect 
his sensation of warmth because It will not affect his skin tempera- 
ture. If the air is very cold, the man will experience difficulty 
in "breathing. Lcng before this happens, however, other factors 
probably will have acted to make him uncomfortable. 

It is not proposed that the energy lost through respiration 
be taken into account In determining whether a man will be comfort- 
able. This resistance is shown only to complete the exact circuit 
as it exists. If it is desired to include it In making a total 
heat balance, the heat lost will be given by: 



where 

q, heat lost, Btu/hr 

W weight rate of respiration, pounds of air/hr 

Cp heat capacity of the air, Btu/lb °F 

T e temperature at which the air is exhaled, °F 

temperature at which the air is inhaled, °F 

No number need be assigned to this resistance, for it may be 
treated as a portion of the thermal circuit in which the current 
flow is knovn. 



If the amount of air that escapes from the cabin is W pounds 
per hour, the enthalpy that will be lost from the cabin is 



a = W C p (T e - Ti) 



(9a) 



X. RESISTANCE 10 



AIR LEAKAGE 



1 = W C p (T a - T Q ) Btu/hr 



(10a) 
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where 

Cp specif io heat of air, Btu/lb °ff 

T a temperature of the cabin air, °F 

T Q temperature of the outside air, °F 

If there are leaks in the cabin and the cabin is slightly 
pressurized, the leakage will be augmented by the decrease in ex- 
ternal pressure as the airplane gains altitude. Such leaks also 
generate drafts which increase the heat losses through the sides 
of the airplane, although such drafts under certain environmental 
conditions may prove beneficial to the men by helping to warm them. 

If resistance 10 is low, it is evident from figure 4 that it 
will function almoBt as a direct short circuit. In many airplanes 
the heat lost by air leakage is far greater than the heat trans- 
mitted through the cabin walls. Thus the amount cf air leakage 
must be known before the necessary ' oapacity of the cabin heater 
for an airplane can be established. 

No number need be assigned to this resistance, for it may be 
treated as a portion of the thermal circuit in which the current 
flew is known. 



XI. RESISTANCE 11 



CONVECTIVE RESISTANCE AT THE INSIDE SURFACE 



OF THE CABIN WALL 



Heat flows from the cabin air tc the cabin walls by convection. 
If there are no drafts, the mode of heat transfer is by free con- 
vection. The warm air will flow down the 
oold cabin walls and up the center of the 
cabin. In addition, if thore is a draft 
down the center of the cabin, heat trans- 
fer by forced convection will take plaoe. 
It is difficult to combine the two modes 
of transfer, and, as an approximation, 
both unit conductances should be calcu- 
lated and the larger of the two used. 
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Free Convection 

It may be shown readily (references 18, 19, and 20) that the 
unit thermal conductance for free convection depends on the Grashof 
modulus and the Frandtl modulus. In general 

Nu = F (Gr, Pr) (11a) 

Experimentally it is found that Nu «= c(Gr x Pr) n , approximately. 
The exponent n is constant for a narrow range of the variables. 

For vertical plates 
f c n 

Nu = . Nusselt modulus 

k ' 

g B At H 3 

Gr = v - r 0 . Grashof modulus 

V 

H C v g (3600) 
Pr = 1 Prandtl modulus 

where 

f 0 unit thermal conductance for free convection, 
Btu/hr ft 3 °F 

k thermal conductivity of the gas in contact with tho 
plate, Btu/hr ft c 

c experimental constant (dlmensionless) 

n experimental exponent,* 1/4 < n < l/3 

H height of the plate, ft 

g 32.2 ft/sec 8 

3 coefficient of expansion of gas, l/°R 

At difference in temperature between plate and ambient gas, °F 

*The 1/4 power corresponds to 10 5 < Gr Pr < 10 9 for which the 
flow is viscous. The 1/3 power corresponds to 10 9 < Gr Pr < 10 ia 
for which the flow is turbulent (reference 8, p. 248). 
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V kinematic viscosity of gas, ft 8 / sec 
H absolute viBooaity of gas, lb sec/ft 8 

Cp unit heat capacity of gas at constant pressure, Btu/lb °F 

For air , evaluating the various physical properties, the 
above expression may be written approximately (references 5, 
p. 107, and 16, p. III-4) as 

f 0 = 0.30 At l/4 f^.y A , Btu/hr ft 8 °F (lib) 
\'o/ 

whore 

7 density of gas at the arithmetic mean of the plate tempera- 
ture and the ambient gas temperature at the pressure of 
the ambient gas 

7 Q density of the gas at 70° F and 1 atmosphere 

For cases where the arithmetic average of the plate tempora- 
ture and the ambient gas temperature Is close to 70° F, the equa- 
tion may be written as 

f 0 = 0.30 At 17 *^-^ 1 /S , Btu/hr ft a °F (11c) 

where 

F ambient gas pressure at any altitude, lh/in° 
P 0 atmospheric pressure at sea level, lb/in 8 



Forced Convection 

When a fluid flows along a flat plate of length I (measured 
In the direction of flow) , the flow is termed "viscous" If Beynolds 

u m 1 7 

number Is less than 50.000 and "turbulent" (reference 21, 

Vi 8 

p. 36fi) If It is .greater than 50,000. As a very close approxima- 
tion to more exact analyses (references £2 to 25), Colbum (refer- 
ence 26) has shown that the average unit conductance for a plate 
I feet lcng In the viscous region may be expressed as: 
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f o _ .a/3 ../Hn i rV l/s 

3600 Cp % 7 



(Pr) = 0.66 (3 1 ) (lid) 



Substituting the properties of air at 50° F in the above 
expression yields: 

f{j B 2.45^^^°" 5 (lie) 

IL 1 7 

This expression may be used for values of Re = less 

u g 

than 50,000; that is, for air at 50° F the product < 16 
ft a /sec. 

If the Reynolds number is greater than 50,000, Colburn 
(reference 26) gives 

IS (Pr)*" . 0.036 l ^i^- l/B (llf) 

3600 C v JJ m y \H6 / 

vhlch checks closely the value presented by others (reference 27). 
For air at 50° F this reduce* ?c 

w- 25 (pi)"' 8 < n «> 

ThLs expression Tor the average unit conductance over a flat 
plate I feet long applies for values of 

Re > 50,000, that is, I > 16 ft a /sec 



Recapitulation 
1. If free convection controls 

1 

Rn (llh) 



,1/4 / p \i/e 
0.30 (T a - t v ) (JL) A 
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2. If flk 2 < 16 ft a /sec 



1 



(HI) 



3. If % 2 >16 ft s /aec 



1 



R 



(11J) 




where 



T, 



a 



cabin air temperature, °F 
cabin wall temperature, °P 



P cabin air pressure, lb/in 

P Q atmospheric preBBure at sea level, lb/in° 

U air velocity In cabin due to drafts, ft/sec 

2 effective cabin length measured in direction or forced air 
flow, ft 

A area of heat transfer perpendicular to direction of heat 
flow, ft B 

Plots of these equations are shown in figure 13, 17, and 18. 

The cabin of an airplane is not a single flat plate; so the 
use of equations for a flat plate -of length 2 is only an approxi- 
mation. However, slnoe 2 enters these equations only as the 1/2 
and the 1/5 power, a reasonable estimate of f 0 will result even 
though the exact magnitude of the length 2 may not be known. 
Since E lx Is so large, it usually will be the major resistance 
determining the rate of heat transfer through the cabin walls. 
Efforts to decrease heat losses from the airplane may be aimed 
at Increasing B xl (decreasing f 0 ). 
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HI. RESISTANCE 12 

THE RESISTANCE OF THE WALL 

The resistance of the vails of most military craft of present 
design can be shown to he negligible. The wall thickness in such 
craft is about n .032 inch. The thermal conductivity of aluminum 

On 

is about 117 Btu/hr ft 8 — . The heat lost through such a wall 

ft 

will be: 
where 

q, heat flow, Btu/hr 

k thermal conductivity of the aluminum, 



Btu 



hr ft a (°F/ft) 

A area of heat transfer, perpendicular to heat flow, ft a 
x thickness of wall in direction of heat flow, ft 
t w temperature of the inside surface, °F 
t va temperature of the outside surface, °E 

The resistance 1b: 
(For an aluminum vail, uninsulated) 



t _ i = . °- 032 = 2.28 X 10- 5 /A 

kA 12 X 117A Btu/hr 



This resistance can be neglected in comparison to the others 
and the Inside temperature of the wall assumed to be that of the 
outside wall surface. This will have many unfavorable effects be- 
yond the Immediate less of heat through the walls. The surfaces 
which receive the radiant energy from the men Inside the airplane 
will be colder, increasing the radiant loss. The temperature dif- 
ference between the inside cabin walls and the cabin air will be 
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greater, resulting In Increased free convection and lowering re- 
sistance 11. Finally, the vails may be so cold that it will be 
Impossible to touch them without injury. Equipment fastened to 
the walls may be rendered useless at high altitudes by the exces- 
sively low temperatures. 

If the cabin walls are Insulated, the resistance to heat 
transfer will be that of the insulation alone, since the metal 
has such a small resistance. Xf the thermal conductivity and the 
thickness of the Insulation are known, the calculations are treated 
exactly as above. Any air spaces introduced by adding the insula- 
tion are treated as described under resistance 2. 

As pointed out In the discussion of resistance 5, the resist- 
ance of the men's clothing, the presence of moisture In insulating 
materials may affect the heat transfer tremendously. The liquid 
or ice layer on the Inside metal wall will increase the resistance 
of this portion of the circuit. The cabin insulation should be 
sealed wherever possible since, in normal use, "there is a tendency 
for moisture to condense In the insulation and not be removed. 
The rate of moisture condensation Is appreciable if the windshields 
fog rapidly during flight. Unlike the windshield, however, the 
walls are usually not defrosted nor is any attempt made to dry 
them. If It Is desired to maintain them at their maximum effi- 
ciency, therefore, it is necessary to take special precautions 
to keep them dry. 

The possibility of saturating the Insulation with carbon 
dioxide gas should not be overlooked, for it Is a much poorer 
thermal conductor than air. 



XIII. RESISTANCE 13 



RADIATION FROM OUTER SURFACE OF AIRPLANE TO SURROUNDINGS 

In level flight the surfaces of the airplane on the under side 
see the earth, the upper surfaces see outer space, and the sides 
see both. But the atmosphere is not perfectly transparent to all 
wavelengths, for It contains water vapor, carbon dioxide, ozone, 
dust, and liquid water (clouds). These constituents absorb and 
radiate In wavelengths in the Infrared region which correspond to 
reasonably large magnitudes of the monochromatic emissive power 
at the temperatures under consideration. 
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Several methods are available for the calculation of the ir- 
radiation of a surface by the constituents of the atmosphere. 
Reference to the pertinent articles will be made here. A Blmple 
method has been devised by Andersen (reference 16, pp. 53-59) 
which is based on the earlier interpretations by Elsasser of 
spectroscopic data on water vapor. The prooedure of Andersen 
will aocount only for the effect of water vapor; dry bulb and 
wet bulb data are necessary as a function of altitude in order 
to accomplish a numerical solution. Elsasser (reference 28) haB 
recently proposed another graphical technique which is based on 
mere recent interpretations of spectroscopic data; also, a cor- 
rection is made for the carbon dioxide content of the atmosphere. 

Hettel and Egbert (reference 17, pp. 297-307) present the 
data for the emissivity of water vapor and carbon dioxide cn a 
largo range of temperatures down to as low as 0° F. In particular, 
the effect of path length, the effect of superposed water vapor, 
and carbon dioxide radiation and formulas to be employed are 
.discussed. BrookB (reference 7) presents various data for the 
transmissivity of water vapor and he also includes an analysis of 
the data of other Investigators. 

A cloud bank may be considered as a radiation shield as a 
first approximation. If the temperature of the side of the cloud 
vhich sees the airplane is known, it may be conceived of as a gray- 
body and it will replace the earth or "outer space" depending on 
the location of the cloud bank in respect to the airplane. The 
cooling which clouds experience is discussed by Elsasser (refer- 
ence 29). 

In the Illustrative example whioh follows later in this sec- 
tion, the absorption and radiation of the water vapor and other 
constituents of the atmosphere are omitted. These corrections will 
be the subject of a later contribution. In the illustrative ex- 
ample, the fourth power radiation law, between surfaces was utilized 
with outer space presumed to be at absolute zero. The numerical 
work also was carried through on the presumption that the airplane 
lost or gained no energy by radiant exchange. These calculations 
are presnnted in section 27TI. 
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XIV. RESISTANCE 14 



SOLAS IRRADIATION 

The solar Irradiation on a horizontal plane in Btu/hr ft a 
may he obtained at the station level for certain localities from 
the reports c ■' the Weather Bureau. Abbott (reference 30, p. 192) 
present a Information on the solar constant, that la, the Irradia- 
tion at the outer atmosphere. The solar energy absorbed by an 
opaque surface of an airplane flying In the upper atmosphere may 
be calculated from: 

^naGpA cos 4 

where 

G D the solar Irradiation at the altitude of the airplane, 
Btu/hr ft n ■ ' 

a absorptance of the surface 

$ angle between normal to the surface and line connecting the 
surface and the sun 

A area of absorbing surface, ft 8 

(In the absence of Irradiation data, G Q may be -taken qb the 
Irradiation at the outer atmosphere.) 

If the Bvn strikes a transparent or a translucent surface, 
the energy transmitted is 

0t - T r G Q A cos © 

where T r Is transmlttance. 

The transmlttance depends on the angle of incidence and Is 
relatively constant for small angles with respect to the normal. 
Finally, the absorption of a transparent or. transluoent body Is: 

qaT, - (1 - €" a d ) G c A cos * 

where 

d thickness of the absorbing body, ft 
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a coefficient of absorption, ft"* 1 
€ base of Naperian logarithms 



IV. RESISTANCE 15 

FRICTIONAL HEATING 

The drag of the air on the airplane structure will generate 
heat which must be dissipated to the air stream and/or inward 
through the skin to the interior of the cabin, depending on the 
sign of the temperature gradient. Of the several references on 
this subject, two will be mentioned whioh deal with the tempera- 
ture of the skin of an airplane on the assumption that no heat 
flows to or from it (references 31 and 32). 

For an airplane travelling at 550 feet per second In air, the 
Increase in temperature will be approximately 15° F with the air 
temperature equal to -60° F. This increase uill result only if 
the surface is Insulated and after such time of flight that the 
steady state obtains. Experimental evidence of the increase In 
temperatures of wires in a cross and parallel stream is presented 
by Eckert and Weise (reference 33) , Finally, an expression for 
the thermal conductance from a gas to the solid boundary includ- 
ing the effect of friotional heating is presented by Schirokow 
(reference 34). 



XVI. RESISTANCE 16 

CONVECTION FROM OUTER SURFACE OF AN AIRPLANE 

In the absence of better data, the hoat loss by convection 
from the outside surface of the airplane may be estimated by 
calculating the heat loss from a largo flat plate with the same 
over-all length as the portion of the airplane under considera- 
tion. Investigations (references 35 and 36) of heat losses from 
airfoil shapes seem to indicate that the heat loss from a stream- 
line body in which separation is not serious may be calculated 
with seme accuracy ~.n the basis of flat plate data. 

For a short distance from the leading edge of an airfoil shape, 
"viscous" flew will exist, but for most of the airplane under flight 

U_ i y 

conditions the Reynolds number will be greater than 50,000. 

H 8 
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Thus equation (llo) , presented in the discussion of resist- 
ance 11, -will apply to the calculation of f c from the fuselage, 
and wings of the airplane. 

This equation 1b: 



3600 



-°--»(— ) (16a) 

Tor air temperatures of 70° F and -60° F the equation reduces 
to: 

f 0 «, 4.25 ("^LLV' 8 Btg at 70° F (16b) 

Vl°- B8 / hr ft D °F 

f c = 4.03 f^kJL\°' a a t -60° F (16c) 

\l°' aB / 



respectively. 



The above equations express the average unit conductance 
for Z feet of flat plate, 2 "being measured in the direction 
of air flow. If the unit conductance at any point (f ox ) along 
the plate is required, it may be obtained by the following method: 



By definition P x _ . 

/ f ox di 



Jo 



or 



but if f 0 = c i n , substituting in the equation above yields: 

o *n+i = r x tcx ta 

Jo 
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Differentiating 

o(n + l)z n - ^ 

or 

f^ -= f 0 (n + 1) (lGe) 

For the flat plate In tlie turbulent region n = -0.20 

Thus f CI = 0.8 f c (16f ) 

The thermal conductance at any point along the flat plate 
is 0.80 times the average f c up to that point. It should he 
noted that f CI is extremely high at small values of x. A 

/ U m 7 \ 

plot of f c against ( 0>BB 'J is shown in figure 19. Inspec- 
tion of the curve showB that under normal flight conditiona f c 
is quite large, thus making H 1B quite small. However, since y 
decreases with altitude, R lg will Increase as altitude is in- 
creased . 

' B. 1 ^ 



1 1B 



f c A Btu/hr 
(See fig. 19 for f c .) 



XVII. TYPICAL CALCULATIONS 

1. A Heat Balance on an Inanimate Object in the Cabin 

If the object in consideration is insulated from the walls 
and the floor and has reached equilibrium, the heat lost to the 
walls by radiation will be equal to the heat carried in by the 
air. 

f c A(t 4 - T a ) = 0.173 X 10" 8 (T 4 4 - T v 4 ) A P A Fjj 

(T 4 4 - O = (JUJ) ( 1 J) (t 4 - T a ) 

VA F E/ \0.173 X 10" 8 / a 
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If there are no drafts in the cabin, the temperature of the 
object vlll drop until the free convection induced by the 
temperature difference t 4 - r a becomes great enough to balance 
the" radiant loss. As shown in section VI, the free convection 
can be represented by 

f 0 - 0.30(t 4 - T a ) (P/P Q ) 

Simultaneous solutions of the above equations substituting 
the appropriate values for the air and wall temperatures will 
yield the minimum temperature which an objeot will attain. These 
equations have been solved and are plotted in figures 20, 21, 22, 
23, and 24. The dotted lines represent the minimum temperatures, 
for free convection only, at various pressures. The solid lines 
are lines of constant cabin air temperature along which the equi- 
librium temperatures are plotted as a function of the ratio 
f c /T A Fg. 

If there is forced oonveotlon, a value for f 0 must be 
calculated separately by means of the equations presented in 
section VI and divided by the appropriate value for F A F E 
(see seo. VIII). This ratio fc/F A is used to enter the 

chart and the equilibrium temperature is read directly on the 
cabin air temperature curve. 

Example: 

A machine gun Is mounted In a cabin. 

The cabin wall temperature is -60°. 

The cabin air temperature is 70°. 

•The emissivity of the walls and the gun is 0.95. 

The cabin is pressurised at 0.6 atmosphere. 

Using figure 20, enter on the line marked T a » 70° F until 
it intersects the line marked 0.8 atmosphere. Opposite this 
point read- the temperature at equilibrium, 13° F. 
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Assume now that the air temperature is 50° F and that an 
eleotrlo fan is used which hlows the air across the machine gun 
with a velocity of 10 feet per second (utilizing the unit conduct- 
ance for a standing man as a first approximation) . 

f 0 = 2.7(1^ 7 )°- B8 (sec. VI, fig. 12) 

7 o air density, lb/ft 3 

Ufo = air velocity, ft/sec 

f c = 2.7(0.061 X 10)°' 56 

f Q = 2.04, Btu/hr ft 8 °F 

T 4 = 485° B = 25° F 

By using an electric fan to produce flow across the gun, it 
Is possible to maintain a higher objeot temperature with 50° ? 



cabin air than with stationary 70° air. 

50° air, 10 ft/sec 25° F 

70° air, 0 ft/sec 13° F 

2. Heat Balance on a Man In a Cabin 

Thickness of clothing ..... 1 inch 

Air gap, skin to cloth 0.1 Inch 

Conductivity of clothing 0.022 Btu/hr fi^ 

(°F/ft) 

Area of man 20 ft 0 

Area of cabin walls 200 ft a 

Emissivity of clothing 0.95 

Emissivity of walls 0.90 

Temperature of walls -60° F 

Temperature of cabin air . , 70° F 

Radiation from plexlglas windows None 
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It ia desired to know: 

(a) The total heat loss from the man exclusive of respiration 

(b) The temperature of the man's skin in order to determine 

whether he will feel cold 

(o) The effect of placing an electric fan so that a 4 ft/sec 
"breeze is blown over him 

(d) The effect of polishing the cabin walls until the emis- 

sivity is equal to 0.1 (rough plate aluminum) 

(e) The result of the combination of (c) and (d) above 

The man is standing so that all his body can radiate to the 
walls and also receive heat by convection from the air. The cabin 
is to be draft free and all oonveotion is free convection only. 
The cabin 1b pressurized at 0.8 atmosphere. There is no solar 
radiation into the cabin. 

1(a) Refer to figure 1: 

The resistance between t x and t 4 

1 °F 



This resistance, R *> R + R + 



^ B 1 5 1/R B + 1/R 4 ' Btu/hr 

R a = 0.566/20 (sec I) 

Ra » 1/1.8A = 0.555/20 (sec. II) 

R 4 - 1/1. 15A = 0.870/20 (sec. IV) 

R B ■ 1/12 X 20 X 0.022 . 3.79/20 (sec. V) 
(See sec. Ill concerning R 3 ) 

.\R. _= 0.2554 

1-6 Btu/hr 

The resistance between t 4 and the cabin walls (t v ) 



R a - 1/fpA (sec. VIII) f p - 0.173 X 10~ 8 (T 4 e + T w °) x (T 4 -HP W ) F A Fg 
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As a first approximation the temperature of the man's Jacket 
surface t 4 can be assumed, to be about that of an Inanimate 
object In the same position. From figure 20 this temperature 
is about 15° F. 

f r = 0.175 X 10" a (4.7S 3 + 4.0 a ) (4.75 + 4.0) 0.95 

» 0.553 Btu/hr ft 8 °F (fig. 16) 

B a - 0.0903 Cf 



Bt:i/hr 

This value of R a la a function of the temperature t 4 . If 
the value of t 4 calculated differs by more than a few degrees 
from the value (15° F) chosen, a new value for B a must be calcu- 
lated. 

The resistance between t 4 and the cabin air (T ft ) 

E 6 *= l/f c A (sec. Yl) f Q = 0.3 (T a - tj 1 ' 4 (P/Pq) 1 ' 3 

- 0.3 X 55 l/4 x 0.8 l/a 

* 0.728 Btu/hr ft? °F 
op 



B B = 0.0686 



Btu/hr 



Since there is no thermal current in By , the heat flow 
through B B plus that through B 6 must equal that through R B 

1 5 + * 8 = ^e 

98.6 - t 4 70 - t 4 t 4 - (-60) 
+ m 

0.2354 0.0666 0.0903 

t 4 = 2f,.7° F 

Using this temperature to recalculate resistances 6 and 8 
yields : 

Be = 0.0554 B B » 0.0872 



t 4 . 25.5° F 
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The temperature drop from the "body to the outside of the 
clothes is 98.6 - 25.5 - 72.1° F. 

1(a) The temperature drop through the skin is 72.5 

O 0?83 

X p 255 b 8.9; therefore the temperature ■ 
.of the skin is 89.5° F . 

1(b) The total heat loss is » 308 Btu/hr, 

excluding respiration. This figure compares 
favorably with the data given In the Heating. 
Ventilating and Air Conditioning Guide (1942), 
p. 48. 

1(c) Foroed convection, 4 ft/sec wind from an electrio 
fan. 

f c = 2.70 (% 7) 0,BS (see VI) 

o 2.70 X (4.0 X 0.076 X 0.8)°' Ba 
f 0 & 1.22 Btu/hr ft a °F 



B B - -0.041 



°F 



Btu/hr 



Prom the chart (fig. 20) the Jacket temperature, T 4 a 487° R 
(27° F) 

f = 0.175 X 10" E (4.87° + 4.0°) (4.87 + 4) 0.95 
r 

= 0.577 Btu/hr ft 0 °F' (fig. - 160 

R„ o 0.0865 % 
■ ' " 8 Btu/hr 

98 - t 4 70 - t 4 t 4 - (-60) - 



0.235 0.041 ' 0.0865 



t 4 3 57.5° F 



Using this new temperature, B e Is recalculated: 

f r = 0,173 X 10"° (5.175 8 + 4.0°) (5.175 + 4.0) 0.95 
- 0.646 Btu/hr ft 8 °F (fig. 16) 
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9f 

H a = 0.0774 ~ 

B Btu/hr 

t 4 ts 32.4° F 

Recalculating H 8 again: 

f r = 0.173 X 10' 2 (4.92 & + 4.0°) (4.92 + 4.0) 0.95 

= 0.580 Btu/hr ft a °F 

H- « 0.0850 — ^L- . 

Btu/hr 

t 4 » 55° F 

Substituting t 4 into the above equations yields the same 
temperature; hence It Is shown that the use of a fan will raise 
the outer temperature of the clothes to 35° F, a rise of 10° F. 

The skin temperature will now be 91.2° F. 

1(d) If the walls of the cabin are polished until their 
emissivity is equal to 0.1, the product F A F E 

will be lowered from 0.95 to 0.55. The calculations' 
are initiated for the conditions calculated In 1(a) 
of this example. 

■ B. 4 - 0.235, E a = 0.0686 R_ *= 0.0872 X = 0.151 — 5— 

^ 4 • . 8 8 0.55 Btu/hr 

98 - t 4 70 - t 4 t 4 - (-60) 
0.235 + 0.0686 " 0.151 

Using this temperature, 40.7° F, R 6 and B 8 are recalculated; 

f c = 0,30. [(70 - 40.7) l/4 (P/Pq) 1 ^] 

- 0.30 X 29.3 X/ * X 0.8 l/a 

= 0.624 Btu/hr ft a °F (fig. 13) 

R e - 0.0802 
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f_ - 0*173 X 10" 8 (5.0 8 + 4.0°) (5.0 + 4.0) 0.55 

„ 0.352 ~ (fig. 16) 

hr ft 0 °F 

B 8 o 0.142 
t 4 = 36.6° F 
Using this temperature In the reoaloulatlon: 

E e - 0.0835, B 8 = 0.144, and t 4 =. 36.2° F 

1(e) If the valla are polished and the fan is used: 
R = 0.235 B a " 0.041 

1—4 S 

Assuming that the outer temperature of the clothes is 40° 7 
f r a 0.352 (See calculations above.) 
Re = 0.142 
t 4 - 46.5° F 

UBing thia temperature to calculate the outer temperature 
of the clothes again: 

R B = 0.144 

t 4 . 47.5° F 



Summarizing: 

Condition Outer tempera- Skin tem- 

________ ture of clothes perature 

(°F) (9g) 

No draft, painted vails 25.5 89.8 

4 ft/sec draft, painted vails 35 91.2 

No draft, polished vails 36.6 91.2 

4 ft/sec draft, polished vails 47.5 92.6 
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3. Heat Balance on an Airplane* 

The evaluation of the heat balance on an airplane flying 
In air at night at various altitudes will he undertaken. The 
airspeed Is assumed to be 250 miles per hour. The oabln vails 
are assumed to be uninsulated 0.032 Inch thick aluminum. 

Cabin length: 50 ft Cabin air temperature, 70° F 

(at all altitudes) 

Cabin height: 6 ft Cabin air pressure, 0.8 atm 

Cabin width: 8 ft Earth temperature, 10° F 

To shcv the effect of drafts, the cases in vhioh the motion 
of the cabin air iB such as to cav.se a 5 ft/sec and 10 ft/sec 
draft along the cabin wall will be calculated, and the case of 
quiescent air will be considered. 

Resistance 10 (sec. X) 

No reasonable figures have been advanced for use in calcu- 
lating this resistance. Measurements of leakage rates in aircraft 
are necessary before any numerical magnitudes can be assigned. 
The heat loss from the airplane will be calculated, neglecting 
the loss due to leakage. The resulting magnitudes for heat loss 
therefore will be much smaller than the heat which must be sup- 
plied by the cabin heater. 

Resistance 11 (sec. XI) 

(a) Quiescent Air. 

(1) Airplane flying at 12,000 ft 

As a first approximation it can be assumed that 
the temperature of the inside wall of the cabin 
1b at the same temperature as the outside air. 
This will be only approximately true. If in 
the final stages of the calculation lit becomes 
evident that there is a serious discrepancy 
- between this asaumod temperature and the one 
calculated, it will be necessary to repeat the 
process using the now temperature. One recal- 
culation will usually suffice. 



"References to resistances are to fig. 4. 
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At 12,000 feet the mean air temperature is 16° F (reference 
37). Fran section XI , 

f 0 = o.30 [(70 - i6p /4 (o.e) l/o ] 

. 0.727 Btu/hr ft 8 °F (fig. 13) 

The surfaoe area of the airplane la about 2500 ft fl (excluding 
wings). 

B„ " 5.5X10" * 

(2) Airplane flying at 24,000 ft 

The mean air temperature will be -26° ff 
f Q - 0.30 [(70 + 26) l/ * (0.8) l/c ] 
= 0.840 Btu/hr ft a °F (fig. 13) 
Rll »4.76Xl0-* 

(3) At 36,000 ft, the mean air temperature la -67° F 

R lx -4.37Xl0-« 

(b) Draft of 5 ft/sec 

Assuming that the cabin walls are sect Ionized every 
2.37 ft and using the equation presented in section 
XI, since TJ^ 1 < 16 ft a /sec 

f 0 ~ 2.45 [(5 X 0.076 X 0.8)/2. 37] 0 • 8 

= 0.876 

H U - 4.52 X 10- 4 ^ 

At 36,000 ft the 5 ft/sec draft will have little effect since 
the free convection foroes are so great. At this altitude the 



f 0 . 0.914 
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resistance calculated from a consideration of the free convection 
alone should be used since It Is the smaller of the two calculated. 

(c) Draft of 10 ft/sec 

f c = 1.25 Btu/hr ft a °F 



R tl = 3.2 X 10 



■4 



Oj. 



Btu/hr 



Resistance 12 (See sec. XII.) 

R ia - 0.223 X 10- 4 /2500 = 0.912 X 10" 8 

Resistance 13 



Consider the worst possible case for this resistance. The 
temperature of the surface of the ship can he shown to differ 
slightly from that of the ambient air. Choose the earth emis- 
sivity as unity and assume that intervening water vapor and carbon 
dioxide have a negligible effect on the radiant energy interchange. 
This is not true, but their effect Is such as to decrease the 
radiation loss. The sky temperature is postulated to be zero 
degree Rankine. 

For level light the top half of the airplane radiates to 
the sky while the bottom half radiates to or receives radiation 
energy from the earth. For this case resistance 13 is a combina- 
tion resistance composed of two resistances in parallel. 

The top half radiates outward to absolute zero; 

f r = 0.173 X 10- 8 (T^) 

R 13 ^ = 1/(0.173 X 10" 8 X Tjg X 1250) 

The bottom half radiates downward; 

f r = 0.173 X 10' 8 (470° + T° a ) (470 + T w2 ) F A F E 



f r = 0.173 X 10" 8 (T^ + 470°) (T W£J + 470) 
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AJ.xiuuao 

(ft) 


Temperature 
(°F) 


f r 

(bottom half) 




12,000 


16 


0.729 


1.10 x io' 3 


24,000 


-26 


.638 


1.25 


36,000 


-67 


.557 


1.44 






rp3 








V ■ 

a 




12,000 


16 


106 X 10 6 


4.38 X 10 -3 


24,000 


-25 


80.9 


5.75 


36,000 


-67 


60.1 


7.74 



Btu/hr 



Btu/hr 



Resistance 14 

Since there is no solar Irradiation at night, there will be 
no heat flow through this resistance. This resistance Is treated 
as Infinite In this calculation. 

Besletance 15 
i » 

At a flying speed of less than 300 miles per hour the frlctional 
heating of the surface of the airplane is negligible. The resistance 
is also treated as infinite. 

Resistance IS 



The equivalent conductance on the outside of the ship is calcu- 
lated from the equation presented in section XVI, equation (16o), 
or figure 19. 



f Q o 4.03 



250 X 5280 



50 



3600 
l/4 



- 2.66 ft- 



l/4 



7 = 0.053 lb/ft 3 at 12,000 ft (reference 37) 
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7 = 0.0355 lb/ft 3 at 24,000 
7 = 0.02265 lb/ft 3 at 36,000 



Altitude 
(ft) 




f c ■ 


E ie 


12,000 


7.30 


19.75 


2.06 X 10- B 


24,000 


4.90 


14.4 


2.78 


36,000 


3.12 


10.1 


3.98 



Op 



Btu/hr 



Having evaluated all the resistances Involved at the various 
altitudes, the validity of the assumption that the outside surface 
temperature is essentially the same as the amhient air temperature 
can be checked. 

The thermal current flow to the point t Wg (fig. 4) through 
resistances 12 and 16 must exactly "balance the losses through 
resistances K 13t and E 13 t> (shown as one resistance, resistance 
13, cn the diagram; subscripts t and b refer to top and bottom, 
respectively) . 



70 " t w E T o " t wa t wa - t sky *va " t earth 
+ = + 

E 11 +E 1B E 16 E 13t E 13b 
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NO LEAKAGE 



(1) Quiescent Air 



LLtltude 
(ft) 


Air tem- 
perature 


E n + B ia 


E ie 


H 13t 


B 13D 


*■ 
(°F) 


12,000 


16 


0.00055 


0.0000206 


0.00438 0.0011 


15.65 


24,000 


-26 


.000476' 


.0000278 


.00575 


.00125 


-22.3 


36,000 


-67 


.000438 


.0000398 


.00774 


.00144 


-55.8 


(2) 


5 ft/sec Air Velocity 










12,000 


16 


.000402 


. 0000206 


.00438 


.0011 

« 


-16. 3. 


24,000 


-26 


.0X452 


,0000278 


.00575 


.00125 


-21.8 


36,000 


-67 


.000438 


.0000398 


.00774 


.00144 


-55.6 


(3) 


10 ft/sec Air Velocity 










12,000 


16 


.00032 


.0000206 


.00438 


.0011 


17 


24,000 


-26 


.00032 


.0000278 


. 00575 


.00125 


-13.65 


36,000 


-67 


.00032 


.0000393 


.00774 


.00144 


-52.2 



Since the calculated vail temperatures were not the same as 
the ambient air temperatures, hut differed from them considerably 
in some oases, it is necessary to use these vail temperaturos In 
recalculating the various resistances. Resistances 16 and 12 
vill not change since they are Independent of the assumed vail 
temperature. 
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A tabulation of the recalculated resistances follows: 

Altitude Air tem- 
perature "wa 
(ft) (PF) 11 10 16 13fc 13 b (°F) 

12,000 16 As before 15.7 

24,000 -26 0,000516 0.0000278 0.00551 0.00124 -22.5 
36,000 -67 .000448 .0000398 .00679 .00138 -56 

Draft to produoe a 5 ft/sec wind 

12,000 16 As before 16.1 

24,000 -26 .000452 .0000278 .00549 .00124 -21.8 
36,000' -67 .000438 .0000598 .00697 .00138 -55.9 

Draft to produoe a 10 ft/seo wind 

12,000 16 As before 17.0 

24,000 -26 .00032 .0000278 .00546 .00124 -19.75 
3G,000 -67 .00032 .0000398 .00581 .00136 -52.6 

Since these new temperatures agree very closely with the 
previously calculated ones, It lo net necossarv tc recalculate 
them. 

If the net radiant energy exchange for the surroundings 1b 
set equal to zero; that is, assume I? 13 to be Infinite, the 
resultant calculated wall temperatures will be not very different 
from those calculated previously, as shown on piige 53. 



Alti- Cabin air Calculated vail temperature jjrror Introduced 

tude velocity Neglecting Including in heat Iobb 

radiation radiation through vails 

(rt) (ft/aec) (°F) ' •• (°F) (percent) 



12, 000 


0 


18.0 


15.7 


4.2 


12,000 


5 


1G.0 


16.1 


3.8 


12,000 


10 


19.5 


17.0 


4.7 


24,000 


0 


-20.9 


-22.5 


2.6 


24,000 


5 


-20.4 


-21.8 


1.5 


24,000 


10 


-18.4 


-19.75 


1.5 


36,000 


0 


-56.0 


-E2.0 


3.3 


36,000 


5 


-55.9 


-55. c . 


.3 


36,000 


10 


-52.6 


-51.7 


.7 



The errors shown should he even less since tha radiation offects 
calculated were the maximum that could occur under the given 
circunstancos. The radiant energy from the bottom of the air- 
plane must pass through a layer of water vapor, carbon dioxide, 
ozone, and so forth, which acts, to a certain degree, as a 
radiation shield. Further, the top half does not radiate to 
absolute zero, but to an effective temperature somewhat higher. 
These two effects will servo to bring even closer together the 
two sets of calculated temperatures. 

The total heat load on the airplane under the nine cases 
discussed above 1b the Bvm of the leakage losses and the losses 
through the Bides of the ship. This total will represent the 
heat requirement on any cabin heater used to maintain the air 
temperature at 70° F at these three altitudes. Below are 
tabulated the heat losses through the cabin walls for the 
airplane discussed in the example. Data on leakage rates 
must be available beforo tho leakage loss can be calculated. 
Preliminary estimates show this heat loss may be as large and 
In some airplanes larger than the loss through the cabin '.rails. 
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LOSSES THROUGH THE CABIN WALLS 



Altitude Cabin air R^ + 

velocity / °j? > 
(ft) (ft/sec) V B Whr> 


\ a wa/ * 

' fOv>\ 


(T - t. W(R + 

^"D-f-n /lit. \ 


12,000 


0 


0.000550 






12,000 


5 


.000452 






12,000 


10 


.000320 


HO m U 


ICC Krtfl 


24,000 


0 


.000516 


92.5 


179,200 


24,000 


5 


.000452 


91.8 


203,500 


24,000 


10 


.000320 


89.75 


280,000 


36,000 


0 


.000448 


126.0 


2ei,ooo 


36,000 


5 


.000438 


125.9 


287,000 


36,000 


10 


.000320 


122.6 


363,000 



It should l)o noted that the cabin in the above example waB 
considered pressurized at 0.8 atmosphere. If the cabin pressure 
had been takan equal to that of the oin.side air, the heat losses 
through the cabin vails would have been lower than those* shown 
in the table. This lower heat less follows from the decrease 
of the f 0 at the Inside surface of the cabin wall due to the 
lower cabin pressure. 

It ma;, be possible that a combination of this phenomenon, 
and tho lowered leakage losses at low atmospheric pressures in 
some cases may result in a decreased total heab load at hi^h 
altitudes in unpressurlzed cabins. 



CONCLUSION 

The foregoing discission, presentation of conductances, 
and numerical illustrations are not to be construed as o : iher 
than a "first contribution" which must be constantly augmented 
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and Improved. Many readers will zto doubt have available more 
adequate data relative to some of the resistances and the 
requirements. The authors trust that test flights will yield 
confirmation, rejection, and augmentation of the various state- 
ments. In time a revision and ad amplification of this material 
will be undertaken. 

Recommended experiments include: 

■ .1. Test data in flight on temperatures throughout the 
aircraft, rates of heat transfer through the" 
fuselage and- air leakage rates. 

2. Measurements of the amlesivity, transmissivity, and 

conductivity of the various materials used in air- 
craft. 

3. Confirmation of the values of the various resistances 

presented in this discussion by measurements of the 
temperatures of clothing, walls, air, and so forth, 
in airplanes during flight. 

Grateful acknowledgment is due Messrs. J. T. Gler, W. H, Parks, 
H. Poppendiek, E. B. Weinberg, H, Cochrane, and 15. E. Morrin for 
their contributions to this report. 



University of California, 
Berkeley, Calif. 
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Figure 9.- Evaporation losses from body. 
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